a renu99@gmx.de Keywords: spacecraft flywheel, multi layer rotor, energy storage, finite element analysis Abstract. A numerical investigation to optimize the carbon/epoxy multi layer composite rotor is performed for the spacecraft energy storage application. A high-speed double and triple layer rotor design is proposed and different composite materials are tested to achieve the most suitable recipe. First, analytical rotor evaluation was performed in order to establish a reliable numerical composite rotor model. Subsequently, finite element analysis is employed in order to optimize the double and triple layer composite rotors. Then, the modal analysis was carried out to determine the rotor natural frequencies. The rotor stress distributions and the rotor mode shapes show that a safe operational regime below 46, 000 rotations per minute is achievable.
Introduction
Flywheel technology is a promising technology for replacing the conventional battery as an energy storage device for spacecraft [1] . One of the key elements in flywheel energy storage system is the rotor inertia, which highly dependent on the rotor shape and material. The energy density is proportional to the ratio between maximum stress and density σ/ρ. The ratio also depends on the material selection. The maximum stress and the density (σ/ρ) of composite materials are significantly higher than any metals.
This paper provides a reasonable recipe for designing a space rated composite rotor. All the proposed composite materials in this work are commercially available [2] . The stress analysis and modal analyses are engaged to investigate the flywheel rotor design. One of the notable researches on the flywheel rotor optimization is performed by Kirk et al.; however, they have only focused on the stress distribution in multi layer rotors [3] . In fact, most recent researches performed for multi layer rotors are also dedicated to stress analysis [4, 5, 6, 7] . Instead, this current investigation was carried out for the stress distribution study incorporating the rotor dynamics (modal analysis) subjected to high rotational speeds.
Three high speed rotor configurations are investigated herein, i.e., single layer, double layer and triple layer rotors. First, the analytical and numerical stress analyses were conducted for a single layer rotor after considering the necessary properties, e.g., composite materials, rotor dimensions and rotor speeds. The single layer rotor analysis is also to establish a reliable rotor numerical model. Then, the finite element analysis (FEA) using ANSYSTM as well is employed for double and triple layer rotors' numerical stress analyses. The numerical solutions are discussed from the stress distribution point of view. Thereafter, the rotor dynamics is investigated to distinguish the natural dynamic behavior of rotors during high speed operations. . The two constants C1 and C2 can be determined after setting the rotor boundary conditions. The outer radius is a free surface where no loads are applied; thus, r σ at r =R0 is null.
This would be the first boundary condition for the rotor. On the other hand, the innermost rotor has to support the metallic return rings that belongs to the magnetic bearings and motor/generator magnet slots [1] . These return rings are assumed to be segmented; and therefore, no hoop stresses are permitted to exist in the material. The rings are segmented to achieve higher flywheel rotational speeds [4] . If the return rings are continuous, the performance of the flywheel would be limited since metals are vulnerable to a high stress concentration at high speeds. The segmented rings introduce pressure to the inner rotor wall during high rotational speeds, resulting radial stresses. The second boundary condition is written as:
where return t is the mean return ring radial thickness and return ρ is the density of return ring material The constants depend on the rotational speed ω of the rotor. By using Eq. (1) and Eq. (2), the rotor stress distributions are calculated as a function of radius for certain operating speeds. These stresses are estimated for the usable material strength. The usable material strengths are derived from their ultimate strengths that are derated for space applications. The derated factor used for the longitudinal tensile strength is 0.65, and the derated factor of transverse tensile and compressive strength is 0.53 as given in Table 1 .
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Composite Science and Technology The reference radial thickness for the rotor analysis is based on the magnetic bearing's return rings. The return rings that are attached to the rotor have typically a mean radial thickness of less than 3 mm; thus, the minimum rotor radial thickness should be higher than this mean thickness [1] . Eqs. (1-6) can be used for a single layer rotor analytical evaluation and can serve as a reference for the numerical rotor modeling through finite element analysis (FEA). Numerical modeling is preferred for multi layer rotors due to the complexity of their analytical solutions. Therefore, first the stress analysis is analytically and numerically carried out to establish a reasonable numerical rotor model for a single layer carbon/epoxy rotor with radii of Ri =0.07 m and Ro = 0.1 m (thickness of 3 mm) and height of 0.0183 m [1] . Figures 1 and 2 show the analytical stress distributions along the transverse and tangential directions, respectively. The selected rotor dimension is suitable for small satellites (< 100 kg) [1] . The operating rotational speed for the model is 50,000 rpm. The 3D model in fig. 4 (a) displays the longitudinal/tangential rotor stress distribution MR50/LTM25 carbon/epoxy composite in the inner layer and T300/934 carbon/epoxy composite in the outer layer. A closer look at the 2D display in fig. 4 (b) shows the maximum longitudinal tensile stress of about 509 MPa appears in second layer of T300/934 carbon/epoxy composite. However, this value is well below the usable longitudinal tensile strength of this material, which is 1313.35 MPa. Having 1313 MPa of the usable longitudinal tensile strength, the inner layer also can sustain the maximum longitudinal tensile stress is 404 MPa. Figure 4 (c) shows the stress distribution for the transverse/radial direction. The peak transverse tensile stress of about 0.23 MPa occurs in the inner layer, and this value is lower compared to 10.87 MPa of the usable transverse tensile stress. The maximum transverse compressive strength occurs in the outer layer, which is 2.12 MPa. Besides that, 1.29 MPa maximum transverse compressive stresses occur in the inner layer. Both of the values are much lower compared to the usable transverse compressive stress that is 89.04 MPa and 76.85 MPa in the outer and inner layer, respectively. In this particular composite rotor, the maximum longitudinal tensile strength at the outer layer (509 MPa) is higher than the inner layer (404 MPa). For further enhancement, the triple layer design is proposed in order to have a better strength in the outer layer as the longitudinal tensile strength at the outer layer is obviously more critical. On the other hand, the modal analysis for this double layer rotor shows that the first natural frequency appears at 762.764 Hz or 45,766 rpm in fig. 4 (d) , which is much lower than the rotor's operational frequency at 50,000 rpm. The second natural frequency is also at a lower frequency around 771.67 Hz than the operational frequency itself. It would be catastrophic for the space missions if the natural frequency is close the operational frequency. Figure 5 (b) shows the maximum longitudinal tensile stress occurs in the innermost layer at 580 MPa that is below the usable longitudinal tensile stress of 1482 MPa in this particular layer. About 386 MPa and 483 MPa longitudinal tensile stresses occur in the middle layer and outer layer in which the usable values for these layers are 1313 MPa and 1313.35 MPa, respectively. The result fulfills the condition in which the longitudinal tensile stress is more critical at the outer layer of the rotor. This combination of composites also can sustain the transverse tensile and compressive strengths as shown in fig. 5 (c) . For the triple layer composite material, the modal analysis shows that the first natural frequency appears at 774.69 Hz or 46,481 rpm in fig. 5 (d) , which is much lower than the rotor operation frequency at 50,000 rpm. The second natural frequency is also at a lower frequency around 788.32 Hz than the operational frequency.
Summary
The thinner double layer carbon/epoxy composite rotor can be operated at a given rotor speed compared to a single layer rotor. The maximum longitudinal tensile strength at the outer layer (509 MPa) is higher than the inner layer (404 MPa) for the double layer rotor design. As the longitudinal tensile strength at the outer layer is more critical, the triple layer carbon/epoxy composite rotor would be preferred because the longitudinal tensile strength at the outer layer is lower (483 MPa). The triple layer carbon/epoxy composite rotor can be operated at higher speeds up to 46, 000 rpm, whereas the double layer rotor's operation is only up to 45, 000 rpm. In fact, their natural frequencies limit their operations at a higher speed. However, the operational speed gained in the triple layer rotor design contributes to a higher energy storage capability for the spacecraft energy storage. Future works will be focused on the rotor parametric study to enable its fiber laying process towards an experimental multi layer composite rotor model.
